The number of large public buildings is growing rapidly in function and complexity, 11 which cause the evacuation path in case of fire to be too long and complex increasing 12 the evacuation time. In this paper, a constraint-based design approach is introduced to 13 automatically generate the optimal position of the building evacuation door to minimize 14 the length of the escape route, thus reducing the evacuation time. The position of the 15 evacuation doors is ruled by design specifications and building structures, in this study, 16 a constraint-based model which includes space constraints and design constraints is 17 proposed to generate the optimal door positions which minimize evacuation distance.
choice model integrating a voice warning system in large indoor spaces, their model 79 can accurately simulate the stadium evacuation process (Wu et al., 2018) . 80 Descriptive models can present realistic pedestrian movement and evacuation 81 capabilities in pre-defined building plans considering various conditions. They can 82 identify building layout shortcomings that may cause congestion or confusion. 83 Nonetheless, they can't provide optimal solution for facility design, such as optimizing 84 the layout to reduce evacuation time or congestion. Thus, optimization models are 85 widely developed to deal with specific problem in evacuation process. By far, a large 86 part of research efforts has been paid into route choosing and evacuee assignment, 87 namely evacuation scheme. Chen and Feng proposed a fast flow control algorithm to 88 assign evacuees to different doors by calculating minimum evacuation time (Chen and 89 Feng, 2009). Kang proposed an integer programming model to assign multiple exits to 90 different evacuees to minimize evacuation time in a complex building considering the 91 congestion phenomenon at each exit (Kang et al., 2015) . Heuristic algorithms have also 92 been used to solve the evacuation route optimization problem. Abdelghany developed 93 a modeling framework integrated genetic algorithm (GA) and a simulation model, GA 94 is used for generating optimal evacuation plan for an exhibition hall with the guidance 95 of plan evaluating by simulation model (Abdelghany et al., 2014) . Liu and Zhang 96 proposed an improved quantum ant colony algorithm to find an efficient evacuation 97 plan from hazard zone to safety zone. Their approach can generate evacuation paths 98 from multiple source nodes to multiple destinations (Liu et al., 2016) . 99 In addition to the evacuation plan, the space layout also has a great influence on 100 In Sustainable Cities and Society 52 (2020) 101839, Elsevier building evacuation. The location of the door is one of the critical elements that can 101 influence the evacuation time (Kang et al., 2015) . Optimizing position of doors to 102 reduce evacuation time is a common issue faced in evacuation analysis. To date, 103 considerable researches have been conducted to reduce evacuation time by changing 104 position of evacuation doors. Tavares used simulation software to run 950 cases to 105 discover which door position can minimize the egress time and he found the best 106 solution to set two exits of equal size in a square room (Tavares, 2009) with multiple rooms, the evacuation route will be connected by many doors in different, 131 every door will have a significant impact on evacuation, every door location should be 132 taken into consideration.
133
This paper deals the evacuation problem by establishing a constraint model that 134 link the relative positions of all doors in the building in order to minimize the total 135 evacuation length. The approach will generate the position of the doors and at the same 136 time meets the design specifications. Comparatively to simulation-based approaches, 137 approach in this paper avoids repeated modification of the design drawings and directly 138 obtain the optimal evacuation door positions while keeping the building structure 139 unchanged. The work flow of our method is shown in Figure 1 . 140 The rest of this paper is organized as follows. In Section 2, we define the 141 evacuation door design problem and then introduce the knowledge model and the 142 algorithm for finding optimal solution. The application of the developed model to 143 generate the optimal evacuation door for two real museums is presented in Section 3.
144
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The discussion of the results is presented in Section 4. Finally, we make conclusions in 145 Section 5. the door is fixed in many previous studies, but in our design problem, we select the 157 evacuation door positions as movable points that can influence the distance of 158 evacuation path. Every path has its length，the aim of this paper is to find the optimal 159 door positions to minimize the length of all evacuation paths. Thus, in this study, we 160 choose the doors as the nodes of the evacuation network.
161
The evacuation network in this paper is different from previous studies. For Lij -the length of the arc between node i and node j.
172
TPi -the length of the evacuation path i.
173
Pi -evacuation reference point in the space (xi, yi).
174
Di -coordinates of the location of door (Xi, Yi).
175
Oi -the source node of path i.
176
Ei -the end node of path i.
177
Where Lij has three kinds of representations:
178
When the arc length Lij is composed of the evacuation reference point Pi and the 179 evacuation door Dj:
When the arc length Lij is composed of the evacuation reference point Pi and 181 evacuation reference point Pj:
When the arc length Lij is composed of the evacuation door Di and the evacuation 183 In Sustainable Cities and Society 52 (2020) 101839, Elsevier door Dj:
The length of each evacuation path is a sum of the lengths of arcs on the path:
The object function in this paper is to minimize evacuation distance of every path: The path class is represented by an identifier and a set of points (Xi, Yi) to (xi, yi),
202
In Sustainable Cities and Society 52 (2020) 101839, Elsevier from which the path passes through. These points can be space reference points and 203 door reference points. is calculated by the exhaustive method. However, not all branches need to be exhaustive.
245
In order to speed up the search efficiency in the branch and bound method, a limit 246 function is designed. Once the optimal solution of the current subtree is found, it is not 247 within the bound, for example, f(x) at the minimum value, if the minimum value of the 248 subtree is greater than the minimum value that has been searched for, the subtree is As indicated in Figure 8 , the distance between the two safety exits must be 301 greater than half the diagonal distance of the fire compartment (National Fire Protection 302 Association, USA, 2009). For example, the distance between D2, D8 must be greater 303 than half the distance between P1, P8 of the fire compartment (see Figure 6 ). repeat the experiment to validate whether the simulation results are stable.
346
At first, we set the initial parameters. We consider the characteristics of the 347 museum's visitors and set three groups of visitors, we refer to the "Simulex" software 348 handbook and choose different walking speed for people of different ages. The
349
proportion, speed and body size of occupants are shown in we set the pedestrian number to 500. Finally, we use these parameters in the simulation 353 software and simulate the evacuation of the compartment. During the simulation, we 354 will change these parameters to verify the performance of our approach.
355
As indicated in Figure 12 , this is overall evacuation process of the original 356 designed layout, the total evacuation time is 330 seconds, in this model we set 500 357 people in the museum.
358 Next, we will use our generative approach mentioned in Section 2 to generate new 362 doors to minimize the evacuation route distances and then perform simulations to with 363 the generated solution. In this simulation we keep the same parameters as in the 364 previous one, the simulation process is shown in Figure 13 , the result shows that the 368 Figure 13 Evacuation simulation of the compartment as generated by our approach(Author)
369
As we mentioned in this section, for people of different ages, their movement 370 speed and body type are different in an emergency, so the pedestrian composition and 371 speed settings will affect the total time of evacuation. In addition, the number of people 372 will also have an impact on the total time of evacuation. As the number of people 373 increases, the congestion will intensify thus prolonging the total evacuation time. In
374
In Sustainable Cities and Society 52 (2020) 101839, Elsevier order to further confirm if these parameters of people in the museum will affect the 375 results, we will modify the parameters and conduct comparison experiments.
376
To confirm if the density of people in the museum will affect the results, the total 377 number of people in the compartment will be changed in next simulation. We take one 378 out of every 50 numbers from 100 to 500 as the total pedestrian number and keep the 379 speed and occupant composition the same as in Table 1 , then repeat evacuation 380 simulations to compare original designed layout with our generated solution. Figure 14   381 shows the evacuation time with different pedestrian amount, the reduction of 382 evacuation time can be seen in 
390
We keep all the parameters the same as in Table 1 except occupants' speed and 391 type, we changed different pedestrian types as adults only and changed the speed of 392 adults from 1.2m/s to 2m/s, then we conduct the simulation between the designed one 393 and our solution. The purpose of the Case study II is to validate the performance of our approach in 403 an even larger space. We take a zone of a Chinese history museum as an example in 404 this section, see Figure 16 . This zone has a total area of approximately 3,500 square must be more than 45° (Greek Fire Brigade Headquarters, 1999). In this case, it means 415 that the angle between D6(or D12), D10 and P6 must be more than 45°. Then, the 416 distance between the two safety exits must be greater than half the diagonal distance of 417 the fire compartment (National Fire Protection Association, USA, 2009). For example, 418 the distance from D10 to D6 and D10 to D12 must be greater than half the distance 419 between P8 and P7. It is worth mentioning that due to functional requirements, the 420 vertical width of the plane has already exceeded the maximum evacuation distance 421 required by the specification, so we didn't select the design rule about distance 422 restrictions between the farthest point to the door as a constraint in this building.
423
Regarding space constraints, the only difference between this case and case I is that the 424 movement of the doors in this case will not change the structure of the evacuation 425 network, so we will not use disjunctive constraint which has been introduced in case I. When the constraint-based model has been established, we use branch and bound 430 algorithm to obtain the optimal door locations which minimize the total distance of 431 evacuation paths, the corresponding graph is shown in Figure 17 . The 17 . Generated solution and the graph representation of the evacuation path using 435 constraint-based approach(Author) 436
Model validation-Case II

437
In this zone, there are more than two evacuation directions for each exhibition hall, 438 people can select to reach one of two safety areas in case of fire. The main challenge of 439 the building design is that the two safe exits to the outside between west and east are 440 too far away. Once a route to a safe area is blocked by fire and smoke, the crowd will 441 be evacuated to another safe area for a long distance. In the previous section we have 442 generated the optimal evacuation door positions. In this section, we will test two should not exceed 250, so we set the maximum pedestrian number to 750. We set the 450 In Sustainable Cities and Society 52 (2020) 101839, Elsevier same initial parameters as case one, see Table 1 . We take one out of every 50 numbers 451 from 350 to 750 for simulation, the simulation scenario of two different layouts is 452 shown in Figure 18 . The evacuation time comparison results are shown in Table 3 and 453 Figure 19 , the average reduction of evacuation time are 8%(to safe area 1) and 4.5%(to 454 safe area 2). Then we change the occupant type as adult only and set speed at 1.2m/s 455 and repeat the simulation, it has been reduced 11.8% (to safe area 1) and 5.4% (to safe 456 area 2), the results are shown in Table 4 and Figure 20 . In Sustainable Cities and Society 52 (2020) 101839, Elsevier From the above results, we can find that in the case of different population density, 469 population type and speed, whether it is to safe area 1 or to safe area 2, the average 470 evacuation time of the new generated solution is less than the original design. 
